Summary. The quality of marine magnetic anomaly sources is described with the power-density representation of a stochastic model of random temporal and spatial emplacement of the marine magnetic anomaly source in the oceanic crust. Typical values of sea-floor spreading and emplacement parameters define a high-fidelity process of recording and sea-surface detection of the palaeomagnetic field reversals for spreading rates over 20mmyr-'. An analogous stochastic model is developed for the formation of sea-floor topography by normal faulting. It is shown that the random process of normal faulting observed in the inner walls of the FAMOUS rift valley can account for the quality of the adjacent West Rift Mountains topography.
Introduction
Quality, as opposed to quantity, is a degree of excellence, relative nature or kind or character (Concise Oxford Dictionary of Clcrrent English). The signal-to-noise ratio is a measure of quality. In this paper we address the signal-to-noise ratio of sea-floor spreading magnetic anomaly sources. We use a stochastic model of discrete random temporal and spatial emplacement of magnetic source material in a spreading centre that records the ambient geomagnetic field behaviour, and show that the temporal aspect (i.e. the mean frequency of emplacement in a spreading centre) is critical to the quality of sea-floor spreading magnetic anomaly sources.
It will be shown that the sea-floor topography generated by a stochastic process of extension or thinning of the brittle crust in response to discrete and random normal faulting in atspreading centre, can be treated as noise. The quality of sea-floor topography can be estimated and expressed in terms of mean fault density and crustal thinning as a measure of the tectonic processes which formed the topography.
2 Marine magnetic anomaly sources
STOCHASTIC MODELS FOR THE MARINE MAGNETIC ANOMALY SOURCE
A simple model for the source of marine magnetic anomalies consists of a magnetic source layer in the uppermost part of the oceanic crust, of uniform thickness and magnetization intensity, which recorded the past behaviour of the Earth's magnetic field while the source layer was formed at varying rates along the sea-floor spreading centres of the world (Vine & Matthews 1963) .
The quality of the marine magnetic anomalies depends primarily on the spreading rate and the width of the spreading centre in which the magnetic source was emplaced. High spreading rates increase the spatial separation between old and young recordings of the palaeomagnetic field thereby increasing the resolution of the magnetic anomalies. The width of the spreading centre determines the mixing of young and older magnetic source material (young and older recordings of the palaeomagnetic field) thereby affecting the resolution of the magnetic anomalies. A third factor which significantly influences the quality of the magnetic anomalies is random noise caused by discrete and imperfect emplacement of the individual units in the magnetic source layer. A variety of stochastic models has been designed to study the quality of marine magnetic anomalies. The smoothing of the geomagnetic field reversal signal which provides information on the width of the emplacement zone has been modelled with discrete random and highfrequency emplacement of the magnetic source (Matthews & Bath 1967; Harrison 1968; Blakely & Cox 1972; Schouten & McCamy 1972; Atwater & Mudie 1973; Blakely 1974; . The random noise which affects the coherence of marine magnetic anomalies and which provides information on the size and number of discrete magnetic units in the magnetic source layer has been modelled with discrete random but low-frequency emplacement (Matthews & Bath 1967; Blakely 1979) .
Increasingly complex source layer models have been employed: intrusive dykes only (Matthews & Bath 1967; Harrison 1968) , extrusive lava flows and feeder dykes (Atwater & Mudie 1973) , extrusive flows, sheeted dykes, and layered gabbros (Blakely 1976; Cande & Kent 1976; Kidd 1977) .
Low-frequency emplacement of the extrusive flows is the most likely contributor to the noise observed in marine magnetic anomalies because it generates a laterally inhomogeneous extrusive source layer (Blakely 1979 ) of variable thickness .
The sheeted dykes and layered gabbros are emplaced in a deeper regime of lithospheric accretion that is controlled by geophysical gradients that are more gentle than those near the sea-floor. Consequently, the process of their emplacement is likely to be more uniform, thus contributing considerably more signal than noise to observed magnetic anomalies.
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A STOCHASTIC MODEL FOR THE E X T R U S I V E MAGNETIC SOURCE A N D ITS PO WER-D ENSITY REPRESENTATION
In an active sea-floor spreading centre, we consider a random temporal and spatial distribution of emplacement of lava flows or units that are the building blocks of the extrusive magnetic source layer. We consider the emplacement of flows according to Poisson distributed time intervals, randomly distributed in a spreading centre of finte width. At the time of emplacement, the flows acquire their magnetization parallel to the direction of the ambient geomagnetic field. Consequently, this stochastic process records the time-variant direction and intensity of the geomagnetic field in the laterally growing oceanic crust. Random noise is generated by the stochastic process of discrete and random recording of the geomagnetic field signal.
The actual process of lava flow emplacement is a function of two-dimensional space since the extrusive layer consists of overlapping lava flows of finite thickness (see Fig. 4 ). To simplify we consider the resulting distribution of magnetization as a function of the horizontal axis only. Figure 1 . Synthetic magnetic anomaly sources and their anomalies generated by a stochastic model of discrete random temporal and spatial emplacement of major extrusive units .
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MG is the ideal geomagnetic reversal signal (0-10 Myr) in a source layer between depths 3.5 and 4.0 km, and its magnetic anomaly AMG. Magnetic anomaly source MP is the same reversal signal sampled with Poisson density h = 5 event km-'. AMP is its magnetic anomaly. Curve MA is the magnetic anomaly source that results from both the Poisson sampling of the geomagnetic reversal signal and a 40 = 10 km scatter of 4y = 1 km-wide magnetic units. Magnetic anomaly source MA is a poor quality recording of the geomagnetic reversal signal MG, as is its magnetic anomaly AMA.
A spatial representation of this stochastic process ) is reproduced in Fig. 1 Now we develop an analytic space-domain model for the random variation in sea-floor spreading magnetic anomaly sources and find the power density of the mean magnetic 248 source process as well as the power density of the random noise process. The processes described here are special cases of shot noise generated by semi-Markov processes (Smith 1973 This process is represented by MG in Fig. 1 with reversal density p = 0.36 reversal km-' (MG contains 37 reversals/l02.4 km). The power density spectrum of the process MG is well known:
H. Schouten, C Denham and W. Smith where k is the wavenumber (Lee 1960) . Now let V(r) denote the volcanic activity process of Poisson distributed unit impulses with Poisson density X. A volcanic eruption takes places at a random distance,xf, from the centre of spreading. We assume that the xis are normally distributed with mean 0 and variance u2.
Suppose further that each lava flow has a normal distribution or shape centred at the eruption point with variance or shape parameter y2 and has a fNed magnetization ? A .
To simplify we assume that time is measured in distance units of the half-spreading rate. That is, if the half-spreading rate is one kilometre per million years then for our purposes a million years is a kilometre and vice versa.
MA(z) = 1 MG(t)Ag [(z + x -t)/y] dV(t)
where Now the random magnetic anomaly source process (MA in Fig. 1 ) can be written and { x i } . Now define the mean magnetic anomaly source process as
MMA(z) = E [MA (z)l{MG(* ))I
Note that MA(z) is a function of three independent random processes: {MG(t)}, { V ( t ) )
MG(t)Ag [(z
The power-density aMMA(k) of the MMA process is found by noting that MMA(z) is an output of a linear filter, thus
@MMA(k) =A2X2 eXp [-(,Y2 + U2)k2] @~, ( k ) . (2)
We can define fluctuations from the mean process as the noise
From this definition it is clear that the noise process E(Z) is uncorrelated with the MMA process, since
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Thus, we can add the power-densities of the MMA process and the e(z) process to find the spectrum of the entire process. We find the covariance of the E ( Z ) process conditioned on { MG(t)} and note, as we would expect, that it does not depend on {MG(t)) .
Now noting that dV(t), dV(t'), x and x' are independent random variables except if = t' we have after some more manipulations
The power-density a&) for the noise process is then the Fourier transform with respect to z' of the covariance function.
(3)
The noise e is uncorrelated with the mean process (i.e. the mean magnetic anomaly source MMA). The power-density QMA(k) of the magnetic anomaly source MA (Fig. l) , therefore, is given by the sum of the two power-densities in expressions (2) and (3)
(4)
The two additive parts of the power density of source MA in Fig occurs at k = 0.6 rad km-' indicating that any information in MA ( Fig. 1) with wavelengths shorter than 10 km is dominated by noise.
Magnetic anomalies AMG, AMP and AMA of Fig. 1 are band-passed representations of their respective source signals; the band-pass is a function of distance to the source, source layer thickness and the effective magnetization and ambient magnetic field vectors (Schouten 1971 ; Schouten & McCamy 1972) . The distance to the source (3.5 km) controls the low-pass and effectively suppresses most of the short-wavelength information in magnetic anomaly sources MG, MP and MA. It is interesting to note that the apparent magnetic polarity transition widths in magnetization MA of Fig. 1 would suggest a much smaller value than the actual 10 km (40) that controlled the simulated process of emplacement. The noise caused by the infrequent and widely scattered emplacement inhibits the recognition of the true 10 km wide transition width as we see confirmed in the powerdensity representation of MA ( Fig. 1 ) in Fig. 2 .
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The signal-to-noise ratio, R (k), for the magnetic anomaly source is then From this expression it is apparent that the signal-to-noise ratio is independent of the shape parameter 7' of the individual lava flows and decreases for both low density (low X) and wide scatter (high u) of magnetic source layer emplacement.
RESOLUTION O F T H E M A R I N E MAGNETIC ANOMALY S O U R C E
The stochastic process of magnetic anomaly source emplacement discussed above defines a critical wavelength (critical wavenumber k,) for which the signal-to-noise ratio R (k) equals 1 . The critical wavenumber k, is a function of emplacement parameters A and u, and the Poisson density of geomagnetic reversals p. We define a critical reversal density pc for which the amplitude of the emplacement noise equals the amplitude of the mean magnetic anomaly signal and say that p, is the maximum reversal density that can be resolved from a magnetic anomaly source for given values of emplacement parameters X and u. Since a rectangular wave contains 2 reversal cycle-'
We combine R(k) = 1 with expressions (l), (5) and (6), and after some manipulations
Expression (7) is represented graphically in Fig. 3 and gives the general limits of resolution of the geomagnetic reversal signal, expressed in critical reversal density p,, as a function of the stochastic emplacement parameters X and u. With the dotted area in Fig. 3 we indicate a typical range of marine magnetic source emplacement parameters and find that the critical reversal densities, pC, for the typical marine emplacement process fall between 0.18 and 0.7 reversal km-'. Schouten & Denham (1979) estimate that an emplacement density of X = 5-10 major volcanic units per km of sea-floor spreading, and a standard deviation, u, less than 2.5 km is appropriate for both the poor quality of Atlantic marine magnetic anomalies and the easily identified Pacific magnetic anomalies. Thus the typical emplacement process (dotted area in Fig. 3) will provide a reliable recording of the palaeomagnetic field reversal signal if densities are less than 0.2 reversal km-'. Typical reversal densities for the Mesozoic and Cenozoic are 2-4 reversal Myr-'; thus spreading rates should be higher than 20 km Myr-' (20 mm yr-') for a reliable recording of the Mesozoic and Cenozoic palaeomagnetic field reversal signal. The wavelength of the source signal that is least attenuated in the magnetic anomalies observed at the sea surface is the source layer depth multiplied by 27, and for oceanic basement depths ranging from 3-6km, this wavelength is 19-37km yielding optimum magnetic anomalies for 0.1-0.05 reversal km-', i.e. 2-1 reversal Myr-' at 20 mm yr-' and 5-2.5 reversal Myr-' at 5Ommyr-'.
The coincidence of Mesozoic and Cenozoic palaeomagnetic field reversal density, spreading rates (> 20 mm yr-'), typical emplacement parameters, and typical depth to the marine magnetic source explains the detectability and fidelity of the sea-floor spreading magnetic anomalies as recordings of palaeomagnetic field reversals in the world's oceans.
V A R I A B L E T E X T U R E O F T H E E X T R U S I V E M A G N E T I C S O U R C E L A Y E R
By their extrusive nature, lava flows overlap older source material and are covered almost completely by younger extrusives. The texture of magnetic sources generated by the stochastic emplacement model is illustrated in Fig. 4 . Each source section in Fig. 4 consists of an integer number of 1 km-wide flows with Poisson density X = 5 flow km-'. Consequently, the average thickness of each source layer is 5 times the average flow thickness. In the source section with u = 0.5 km, the material representing each polarity interval appears as one magnetic body overlapping the previous one by approximately 2 km (the 95 per cent transition width is 40). The three source sections with u = 2.5 km illustrate the variable texture of the extrusive source generated by the wide scatter (u= 2.5 km) and low frequency (A = 50 flow Myr-') of a random emplacement process at a half-spreading rate of 10 mm yr-'. The 95 per cent transition width 40 = 10 km can only barely be resolved from these source sections or from the effective magnetization distribution MA of Fig. 1 .
A relevant feature of the top four source layers in Fig. 4 is their similar variation of the thickness, independent of the spatial scatter of the emplacement process; the variation is the noise component of the process. The power-density QST(k) of the source layer thickness variation ST, is analogous to the noise process in expression (3), thus
where CF is the cross-sectional area of the individual flows that are the building blocks of the source layer. The mean process is the mean source layer thickness, equal to ACF, and the noise (Variation of the thickness) relative to the mean source layer thickness is thus inversely proportional to A. Wide flows (large shape parameter r2) will attenuate the shortwavelength fluctuations of the thickness. The extrusive source layer thickness variation is independent of the spatial emplacement parameter (I. 
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In slow sea-floor spreading regimes such as the North Atlantic the effects of the random thickness of the source layer are inseparable from the random scatter of mixed polarities and frequently overshadowed by the presence of nearby polarity transitions. In faster spreading regimes magnetic polarity transitions are more widely spaced and the variable thickness of the uniformly magnetized source layer between the polarity transitions represents noise which can either drown the subtleties of the geomagnetic reversal signal or can masquerade as relevant short-wavelength information on the palaeomagnetic field behaviour .
Sea-floor topography
STOCHASTIC MODEL O F SEA-FLOOR TOPOGRAPHY G E N E R A T E D BY NORMAL
FAULTING
The stochastic model of discrete random temporal and spatial emplacement of the magnetic source also can be applied to the random process of normal faulting that is a major characteristic of active spreading centres and presumably the main contributor to sea-floor morphology (Macdonald & Luyendyk 1977; Laughton & Searle 1979; Atwater 1979) .
At the spreading centre, steady state is only achieved statistically since the accretion process is a series of discrete successive events (Tapponnier & Francheteau 1978) . Random temporal and spatial distributions of discrete events generate a mean process and a noise process as we have shown in the preceding section on magnetic anomaly source processes.
Once the sea-floor has been transported outside the zone of crustal accretion and normal faulting (i.e. the true spreading centre), the sea-floor morphology has a mean density of normal faults with a mean throw and a mean tilt density. The tilting of lava flows that once were emplaced horizontally indicates rotation about a horizontal axis along a fault plane dipping shallower at depth (Macdonald & Luyendyk 1977) .
Normal faulting in the spreading centre implies extension and thinning of the part of the newly formed crust that is brittle enough to respond episodically to constant spreading. Consequently, normal faulting partly replaces injected feeder dykes as the spreading agent of the most recent brittle crust . This can account for the rare occurrence of dykes in the oceanic extrusive layer at depth (Atwater 1979 ).
In Fig. 5 we show a schematic representation of the response of a brittle crust to a normal faulting event that results in a crustal extension, which can be represented by a crustal thinning response function T. After the sea-floor has been transported outside the zone of tectonic activity, it can be characterized by a fault distribution with mean fault density h and a unit thinning response function T (Fig. 6 ).
POWER-DENSITY REPRESENTATION O F SEA-FLOOR T O P O G R A P H Y G E N E R A T E D B Y A RANDOM PROCESS O F N O R M A L FAULTING
The process of crustal thinning by discrete random normal faulting of the brittle crust is analogous to the process of random emplacement of lava flows in the sea-floor spreading centre. The crustal thinning represents the part of the original brittle crust that has been 'removed' by discrete random normal faulting events, just as the source layer thickness represents the layer of extrusives that has been 'built' by discrete random lava flow emplacement events. Consequently, the power density @cT(IC) of the crustal thinning variation CT is identical to the power density aST(IC) (8) of the magnetic source layer thickness variation.
The power-density of an arbitrary unit thinning response function Tis given by CPT(k). Thus A @CT(k)=G @T&) which shows that the power density of sea-floor topography generated by a stochastic process of normal faulting has the shape of the power density of the unit thinning response function T.
A useful quantity describing the topography process is where CT is the cross-sectional area under the thinning response function T. Quality of sea-floor spreading processes 255
ESTIMATING T H E P R O C E S S O F S E A -F L O O R T O P O G R A P H Y -A N E X A M P L E
The West Rift Mountains (WRM) topography (Fig. 7a) is a 30 km section of typical midAtlantic Ridge crest topography at 36O.75 N, perpendicular and immediately adjacent to FAMOUS rift valley I1 (Macdonald & Luyendyk 1977) . Fig. 7(b) shows the residual West Rift Mountains topography, RWRM, after removal of a least-squares linear trend and a mean from the original data set. The sample autocorrelation &wRM(T) of RWRM is shown in Fig. 7(c) where T is the lag of the autocorrelation. We can estimate the quantity XC? directly from the autocorrelation of the topography. We have, similar to expression ( the mean cross-sectional area of the crustal thinning response to a normal faulting event. The correspondence between the (local) WRM estimate and the (regional) MAR estimate suggests that the process of mid-Atlantic Ridge topography is very uniform. The coincidence of these estimates with the estimated faulting process presently active in the inner walk of the FAMOUS rift valley, indicates that the bulk of the WRM and MAR sea-floor topography could have been formed by an inner-wall normal faulting process and transported outside of the rift valley on to the ridge flanks without major subsequent tectonic deformation.
we take to be the outer limits of the relevant informationEn the WRM topography that is contained in the autocorrelation GRWRM(7). Our estimate ?C$, represented by the hachured area in Fig. 7(c) , is 0.1 km'; the 95 per cent confidence limits for this estimate are at 0.06 and 0.2 km3 (Otnes & Enochson 1972) . This estimate of the WRM topography process (solid line) with confidence limits (dashed lines) are plotted in Fig. 8 as a function of fault density h and unit thinning response cross-sectional area C , . Shih (1980) computed power-density estimates of the FAMOUS mid-Atlantic Ridge (MAR) topography using a total length of 300 km of carefully digitized deep tow bathymetry profies (sampling interval = 50 m). The WRM topography in Fig. 7 was only part of one of the MAR profiles used by Shih (1980) . The DC component of the MAR topography power-density estimate (Shih 1980, fig. 15 ), yields an estimate @+= 0.04 km3. The MAR estimate was obtained by a smoothing of the power-density spectrum, roughly equivalent to using only k0.95 km lags of the autocorrelation (Shih 1980) . This 0.95 km lag is too short adequately to represent the relevant part of the autocorrelation $RWRM(~) in Fig. 7(c) , and yields a WRM estimate of e,$= 0.045 km3. However, the similarity between these two (inappropriate) 0.95 km-lag estimates suggests that the (local) West Rift Mountains topography process is quite representative of the (regional) mid-Atlantic Ridge topography process. Assuming that the two processes are proportional, then the corrected estimate for the regional mid-Atlantic Ridge process becomes @+= 0.09 km3. This estimate is represented by the dotted line in Fig. 8 ; it agrees rather well with the estimate that was derived from the 30 km section of West Rift Mountains topography, which is only a 10 per cent subset of the total MAR topography data used by,m (1980) . From this, it would appear that the MAR topography process as estimated by XC; is extremely uniform.
The width of the relevant autocorrelation +RWRM(T) in Fig. 7(c) provides another useful estimate regarding the sea-floor topography process, since the maximum relevant lag T should equal the width of the unit-thinning response function T. The maximum relevant lag of the WRM topography autocorrelation (Fig. 7c) is 3 f 0.5 km. Thus 3 ? 0.5 km is an estimate of the average width over which individual faulting events influence the topography. From Fig. 5 it is apparent that the horizontal width over which the thinning occurs in response to a normal fault should be in the same order of magnitude as the thickness of the brittle crust in the locus of normal faulting. A number of kilometres as suggested by the maximum relevant lag in Fig. 7(c) , is a reasonable estimate for the average thickness of the brittle lithosphere in the active part of the slow-spreading mid-Atlantic spreading centre. Macdonald & Luyendyk (1977) indicate that within the FAMOUS rift valley 11, a process of normal faulting is active in the inner walls of the rift valley. The West Rift Mountains sea-floor was formed at this spreading centre; 85 per cent of the MAR topography data analysed by Shih (1980) also pertains to sea-floor formed at this spreading centre. Macdonald & Luyendyk (1977) estimate the FAMOUS inner wall normal faulting process from their analysis of deep tow bathymetry data; they deduce a faulting frequency of 1-2 faults per km of spreading (i.e. X = 1-2 fault km-') and a cumulative horizontal extension, che = 10-20 per cent, from observations of normal fault throws and tilts in the FAMOUS rift valley 11. we can estimate the quantity' @,$ of the FAMOUS inner wall faulting process from those estimates if we assume a thickness Az of the brittle crust in the active spreading centre, that responds by episodic normal faulting to continuous sea-floor spreading. From
Figs 5 and 6 it can be seen easily that the cross-sectional area CT of the unit thinning response function T can be written as CT = che Az/X.
In Fig. 8 we plot the estimate @, describing the FAMOUS inner wall process of normal faulting for an assumed brittle layer thickness Az = 2-3 km, and observe that this estimate for the faulting process presently active in the inner walls of the FAMOUS rift valley alone, is sufficient to account for the WRM and MAR sea-floor topography that lie beyond the outer limits of the FAMOUS active spreading centre. This suggests that the bulk of the midAtlantic Ridge sea-floor topography could have been formed well within the rift valley by normal inward-facing faulting in its inner walls, and was transported outside of the rift valley on to the ridge flanks without major subsequent tectonic deformation. This is in agreement with conclusions drawn from deep ocean side-scan sonar observations (Laughton & Searle 1979) and recent submersible observations of 30" outward tilting of substantial blocks of oceanic crust Macdonald & Atwater 1978) which suggest that the North Atlantic sea-floor topography consists of predominantly inward facing normal faults and outward tilts formed within the extensional regime of a sea-floor spreading centre. The quality of the West Rift Mountains topography indicates that the steady-state extensional
